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ABSTRACT
Context. The wealth of recent data from imaging air Cherenkov telescopes (IACTs), ultra-high energy cosmic-ray experiments and
neutrino telescopes have fuelled a renewed interest in hadronic emission models for γ-loud blazars.
Aims. We explore physically plausible solutions for a lepto-hadronic interpretation of the stationary emission from high-frequency
peaked BL Lac objects (HBLs). The modelled spectral energy distributions are then searched for specific signatures at very high
energies that could help to distinguish the hadronic origin of the emission from a standard leptonic scenario.
Methods. By introducing a few basic constraints on parameters of the model, such as assuming the co-acceleration of electrons
and protons, we significantly reduced the number of free parameters. We then systematically explored the parameter space of the
size of the emission region and its magnetic field for two bright γ-loud HBLs, PKS 2155-304 and Mrk 421. For all solutions close
to equipartition between the energy densities of protons and of the magnetic field, and with acceptable jet power and light-crossing
timescales, we inspected the spectral hardening in the multi-TeV domain from proton-photon induced cascades and muon-synchrotron
emission inside the source. Very-high-energy spectra simulated with the available instrument functions from the future Cherenkov
Telescope Array (CTA) were evaluated for detectable features as a function of exposure time, source redshift, and flux level.
Results. A range of hadronic scenarios are found to provide satisfactory solutions for the broad band emission of the sources under
study. The TeV spectrum can be dominated either by proton-synchrotron emission or by muon-synchrotron emission. The solutions
for HBLs cover a parameter space that is distinct from the one found for the most extreme BL Lac objects in an earlier study. Over
a large range of model parameters, the spectral hardening due to internal synchrotron-pair cascades, the “cascade bump”, should be
detectable for acceptable exposure times with the future CTA for a few nearby and bright HBLs.
Key words. astroparticle physics; radiative transfer; radiation mechanisms: non-thermal; BL Lacertae objects: individual: PKS
2155-304, Mrk 421; gamma rays: galaxies
1. Introduction
The still-open question on the origin of ultra-high-energy cos-
mic rays (UHECRs) and astrophysical neutrinos on the one
hand, and the wealth of available data from γ-ray emitting
blazars on the other (from MeV to TeV energies, see e.g. Ack-
ermann et al. 2011; Senturk et al. 2013), has led to renewed
interest in hadronic emission models for those sources. Radia-
tive emission in the most common scenarios either comes from
a region inside the relativistic jet (e.g. Mannheim 1993; Der-
mer & Atoyan 2001; Mücke & Protheroe 2001; Dimitrakoudis
et al. 2012; Bosch-Ramon et al. 2012; Böttcher et al. 2013;
Mastichiadis et al. 2013; Petropoulou et al. 2015; Diltz et al.
2015) or from interactions of escaping hadrons along the path
from the source to Earth (e.g. Essey & Kusenko 2010; Essey
et al. 2011; Dermer et al. 2012; Murase et al. 2012; Tavecchio
2014). Contrary to the more commonly assumed leptonic sce-
narios, in which the two characteristic broad bumps of the non-
thermal spectral energy distribution (SED) of blazars are de-
scribed with electron-synchrotron and Inverse Compton emis-
sion (Konigl 1981; Sikora et al. 1994), hadronic scenarios intro-
duce relativistic protons to explain the high-energy bump that is
generally seen from keV to GeV energies in flat-spectrum ra-
dio quasars (FSRQs) and in the MeV to TeV range for BL Lac
objects. In the hadronic framework, this high-energy component
can be attributed to either proton-synchrotron emission or radia-
tion from secondary products of proton-photon or proton-proton
interactions. These kinds of scenarios thus admit the possibility
of a direct link between UHECRs and electromagnetic emission
from blazars. They also lead necessarily to the emission of high-
energy neutrinos from the decay of proton-induced pions and
muons. This suggests that blazars, or more generally radio-loud
active galactic nuclei (AGNs), of which blazars are a sub-class
of objects with their jets assumed to be closely aligned to the
line of sight, are potential sources of the PeV neutrinos recently
detected with IceCube (Aartsen et al. 2013).
Even though hadronic emission models in general require
higher jet powers and face more difficulties to account for short-
term variability than leptonic models, they still present a viable
and very intriguing alternative within the available constraints
from current observational data. Future instruments, such as the
Cherenkov Telescope Array (CTA) (Actis et al. 2011; Acharya
et al. 2013), will be able to probe blazar spectra above a few
tens of GeV and cover the whole very-high-energy range (VHE,
energies above 100 GeV) to above 100 TeV, with much bet-
ter sensitivity and spectral resolution than current Imaging Air
Cherenkov telescopes (IACTs). This motivates a search for po-
tential signatures in the VHE γ-ray spectrum that would help
distinguish hadronic scenarios from the simpler leptonic mod-
els.
Cerruti et al. (2015, hereafter C15) have recently charac-
terised the SEDs of a distinct class of so-called ultra-high-
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frequency peaked BL Lac objects (UHBLs) with a stationary
one-zone model that provides a complete treatment of all rel-
evant emission processes for relativistic electrons and protons.
This model, which will also be used for the current study, allows
us to treat leptonic, hadronic and mixed scenarios with a single
code. The authors have shown that hadronic and mixed lepto-
hadronic scenarios provide an interesting alternative for the in-
terpretation of UHBL SEDs, compared to purely leptonic syn-
chrotron self-Compton (SSC) models. The latter are found to re-
quire extreme parameters for such sources. Two distinct regions
were identified in the parameter space spanned by the source ex-
tension and magnetic field strength, leading to interpretations of
the high-energy bump either as proton-synchrotron dominated
(“hadronic” solution; for high magnetic fields of the order of
a few 10 G) or as consisting of a combination of SSC radia-
tion and emission from synchrotron-pair cascades triggered by
proton-photon interactions and the subsequent decay of the gen-
erated pions and other mesons (mixed “lepto-hadronic” solution;
for magnetic fields of the order of a few 0.1 G). In each of these
parameter regions, solutions were found with jet powers below
the Eddington luminosity, distinguishing these objects from the
more luminuous blazar classes studied by Zdziarski & Böttcher
(2015), which require very high jet powers.
Although UHBLs are located at the most extreme end of the
“blazar sequence” (Fossati et al. 1998), high-frequency peaked
BL Lac objects (HBLs) with a high-energy peak located in the
0.1 to 1 TeV range are far more numerous in the current sam-
ple of blazars detected with IACTs. They clearly outnumber all
other types of blazars detected at these energies1. Hadronic solu-
tions are routinely proposed as alternatives to the standard SSC
scenario for these kinds of sources, but a systematic exploration
of (lepto-)hadronic solutions for a given dataset has not yet been
attempted, to the best of our knowledge. A more general study
of the impact of the magnetic field strength and density of the
target photon field of the proton-synchrotron model is presented
by Mücke et al. (2003). In most of the current literature, very few
a priori physical constraints are imposed and only exemplary so-
lutions are presented.
After a short description of the physical constraints we im-
pose on our model to reduce the number of free parameters
(Sect. 2), we explore the characteristics of different hadronic so-
lutions for HBLs with respect to the source extension, magnetic
field strength, jet power, and equipartition between the magnetic
and kinetic energy density in Sect. 3. Then we apply the model
to SEDs of the two HBLs PKS 2155-304 and Mrk 421 from low
flux states in Sect. 4. We describe the different sets of solutions,
and briefly discuss the jet power, deviation from equipartition
and variability timescales they imply. In Sect. 5, we compare
these solutions to a previous study of UHBLs. We then search
the modelled SEDs for signatures of spectral hardening in the
VHE range, which are caused by the emission from synchrotron-
pair cascades and from muon-synchrotron radiation, and com-
pare these to the expected sensitivity of CTA in Sect. 6. The re-
lation of the detectability of such features to the flux level and
redshift are explored. Finally, we present a critical discussion of
these results, their limitations, and implications for UHECR and
astro-neutrino searches in Sect. 7.
Throughout this work, the absorption on the extragalac-
tic background light (EBL) is computed using the model by
Franceschini et al. (2008). In Sect. 7, we discuss how this partic-
ular choice affects our results. For the transformations between
1 For an up-to-date catalogue of TeV sources, see http://tevcat.
uchicago.edu
the two nearby blazars under study and the observer on Earth, we
have adopted a standard cosmology with Ωm = 0.3, ΩΛ = 0.7,
and H0 = 68 km s−1 Mpc−1.
2. Physical constraints of model parameters
LEHA (see C15) is a code that was developed recently to sim-
ulate the stationary emission from BL Lac objects for leptonic,
hadronic, and mixed scenarios. In this “blob in jet” code, rela-
tivistic populations of electrons and protons are confined within
a plasma blob of radius R with a tangled magnetic field of
strength B and a bulk Lorentz factor Γ. The primary particle
distributions follow power laws with self-consistent synchrotron
cooling breaks.
In addition to synchrotron emission from primary protons
and electrons, and SSC emission, the code also treats proton-
photon interactions with meson-production and subsequent de-
cay by use of the SOPHIA Monte Carlo package (Mücke et al.
2000). Secondary particles from such interactions trigger pair-
synchrotron cascades that are followed for several generations.
In addition, the muon-synchrotron spectrum is extracted follow-
ing slight modifications of the SOPHIA code. In the LEHA code,
Bethe-Heitler and photon-photon pair production are calculated
and the synchrotron-pair cascades they trigger are evaluated as
well. Only proton-proton interactions are not considered, be-
cause to be efficient this kind of a process would require very
high target proton densities inside the jet in our framework.
In our application to high-frequency peaked BL Lac objects,
the code provides a simple description for a continuous plasma
flow through a stationary or slowly-moving acceleration region
inside the jet, without specification of the acceleration mecha-
nism. A flow of accelerated particles is continuously injected
into a stationary or slowly moving radiation zone and then con-
tinues down the jet with bulk Lorentz factor Γ, while expanding
adiabatically. This picture is motivated by the fact that very long
baseline interferometry (VLBI) observations of a large sample of
blazars show that although luminous blazar types often exhibit
rapidly-moving radio knots, in HBLs they tend to be stationary
(e.g. Hervet et al. 2016). The homogeneous, spherical emission
zone of constant radius that we are modelling represents the ra-
diation region into which particles are injected. Radiative emis-
sion is strongly dominated by emission from this zone, because
the plasma flow rapidly loses energy through adiabatic expan-
sion farther down the jet. For example, when imposing that the
magnetic flux be conserved, the magnetic field strength scales as
B ∝ R−2, implying an energy output through synchrotron emis-
sion that is proportional to R−4. The decreasing particle density
(proportional to R−3) together with the decreasing target photon
density also leads to a rapid reduction in the proton-photon in-
teraction rate. In addition, radiative losses will further reduce the
emission level, especially at the highest energies where our study
is focused. Therefore only the single acceleration and emission
zone is modelled and emission from the plasma flow farther
down the jet is neglected.
To reduce the number of free parameters and to focus on
physically plausible solutions from the onset, we impose a num-
ber of constraints that are based on simplifying assumptions
about the nature of the emission region and the acceleration pro-
cess. These constraints correspond for the most part to those ap-
plied by C15:
– Leptons and protons are supposed to be co-accelerated and
to follow power laws with the same intrinsic index n1, before
cooling. This index is assumed to be close to two, consistent
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with Fermi-like acceleration mechanisms. However, no spe-
cific assumptions are made about the underlying mechanism.
– To account for synchrotron cooling of the primary particles,
the stationary spectra of primary electrons and protons,
which are used as an input to the code, are characterised
by broken power laws with exponential cut-offs (see C15,
Eq. 1) . The Lorentz factors corresponding to the break
energies γ(e;p),break are determined from a comparison of
radiative and adiabatic cooling timescales. The second
spectral slope above these breaks is given by n2 = n1 + 1.
For the application to HBLs, the electron population is
generally completely cooled, whereas the proton spec-
trum is not impacted. We verify that for all the solutions
presented here, proton energy loss is indeed always dom-
inated by adiabatic cooling and thus there is no cooling
break in the proton spectra. Comparisons of the relevant
acceleration and cooling timescales for a few exemplary
models are shown in Sects. C and D and are discussed below.
– The minimum proton Lorentz factor γp,min is not constrained
and is set to one, whereas for the electron spectrum we
generally need to adjust the minimum Lorentz factor γe,min
to match constraints from low-energy optical and radio
data. This choice for γp;min maximises the proton energy
density up, which represents a major contribution to the jet
power. It is thus a conservative choice when considering the
energetics of the models.
– The maximum proton Lorentz factor γp;max, is derived from
the equilibrium between particle acceleration and energy
loss, meaning radiative and adiabatic cooling, through a
comparison of their characteristic timescales. The acceler-
ation timescale as a function of the Lorentz factor is sim-
ply described by τacc(γ) = γ/ψ · mc/(eB) with an assumed
efficiency of ψ = 0.1. In the regime where adiabatic cool-
ing dominates over radiative cooling, which is the regime of
interest for HBLs in our framework, the maximum proton
Lorentz factor is
γp;max ∝ B · R, (1)
as can be seen from Eq. 18 in C15. The same behaviour
is found when simply applying the Hillas criterion (Hillas
1984) to constrain γp;max.
The maximum energy of the electron spectrum, defined
by the Lorentz factor γe,max, is left as a free parameter
that we constrain with X-ray data. For the solutions found
here, the ratio of γp,max over γe,max is consistent with the
values one might expect in diffusive acceleration for a
Kraichnan turbulence spectrum, but a specific investigation
of the acceleration mechanism is beyond the scope of the
present work (cf. Biermann & Strittmatter (1987); Mücke &
Protheroe (2001) and C15 for more discussion).
– The bulk Doppler factor of the emission region is fixed at
δ = 30, a typical value for bright VHE-detected BL Lac
objects (Tavecchio et al. 2010). This allows for the observed
variability in those sources when using reasonable source
parameters, except for the most extreme minute-scale flares
(Gaidos et al. 1996; Aharonian et al. 2007; Albert et al.
2007), the origin of which are not yet clearly understood.
The impact on our study of the value of this parameter is
discussed briefly in Sect. 7.
– We also assume that the viewing angle between the jet axis
and the line of sight to the observer is very small, leading to a
relation between bulk Doppler factor and bulk Lorentz factor
of
δ ≈ 2Γ. (2)
This small-angle approximation seems justified when con-
sidering that we are investigating particularly bright sources
in this study.
Given these constraints, we are left with: two quantities, B
and R, that we treat as free parameters; and five quantities, n1,
γe,min, γe,max, and the normalisation of the electron and proton
spectra K(e;p), that are more or less constrained by the SED for
a given choice of the free parameters. To find a complete set of
solutions for a given source, we first varied n1 for values close
to two that provided a satisfactory representation of the optical
and X-ray data. Then, for a small set of the selected n1 values,
we scanned B and R while adjusting the particle densities for
electrons and protons with K(e;p), and the minimum and maxi-
mum electron energies to the SED, using the usual “fit-by-eye”
method. The flux level of the electron- and proton-synchrotron
peaks in the SED can be kept constant during these scans by
varying the particle densities as
Ke;p ∝ R−3 · B−2 · f (γ(e;p),break, γ(e;p),max, n1), (3)
where the last term is a function of the maximum particle
Lorentz factor, the Lorentz factors of the cooling breaks, and the
spectral index of the particle distributions, which all influence
the particle content of the source.
We also constrained the parameter space of models for a
given SED by requiring that the size of the emission region and
the overall jet power be physically acceptable. A characteristic
size scale for AGNs is given by the Schwarzschild radius RS
of the supermassive black hole. Although for blob-in-jet mod-
els one generally expects emission regions of a size at least an
order of magnitude larger than the Schwarzschild radius, as a
minimum requirement we discarded only those solutions with
R < RS . The maximum size of the emission region is usually
limited by comparing the light-crossing time to the observed
variability timescale of the source, but for the persistent flux
states we are interested in, the latter information is generally not
available or not very constraining. This will be discussed more
in Sect. 7.
The jet power for a two-sided jet was estimated as
L j ≈ 2piR2βcΓ2(uB + ue + up) + 2Lr, (4)
where uB, ue, up are the co-moving stationary energy densities
of the magnetic field, electrons and protons, respectively, and Lr
corresponds to the power in the radiation field (e.g. Dermer et al.
2014, and references therein). In hadronic scenarios, ue and Lr
are generally very small compared to the other components and
thus we neglected them. Any additional component due to cold
protons inside the jet were also neglected. As is usually the case
in one-zone hadronic scenarios, the jet power was assumed to
be largely dominated by the power from the “blob”. An addi-
tional extensive jet could have been added, as is done for certain
leptonic models (see e.g. Katarzyn´ski et al. 2001; H.E.S.S. Col-
laboration et al. 2012; Hervet et al. 2015) if one wants to account
for electron synchrotron emission in the radio band, but its con-
tribution to the total jet power would be much smaller than that
from the “blob”.
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The value of L j is not constrained from first principles, but
can be compared to the Eddington luminosity Ledd as an order-
of-magnitude reference. Based on measurements of the jet power
of radio-loud AGNs from X-ray cavity data (e.g. Cavagnolo
et al. 2010), highly super-Eddington powers are generally not
expected. We conservatively required that acceptable solutions
should have L j < Ledd for a given source.
We also derived the ratio η between the kinetic energy den-
sity of the relativistic particles, which is largely dominated by up
for all our solutions, and the energy density of the magnetic field
uB:
η =
up
uB
. (5)
Solutions can then be characterised by their proximity to
equipartition between these components (η = 1). For stationary
solutions, having a system close to equipartition is physically
appealing (e.g. discussion by Böttcher et al. 2013) and models
close to equipartition are in general also energetically favoured,
such that η can be used as an order-of-magnitude reference to
select physically plausible solutions. We required 0.1 < η < 10
in the following. It should however be noted that deviation from
equipartition between kinetic electron-energy density and mag-
netic energy density, even by more than an order of magnitude,
is frequently encountered in the standard one-zone SSC models
for these type of sources (e.g. Cerruti et al. 2013).
3. Hadronic scenarios for high-frequency peaked
BL Lac objects
When modelling the SEDs of high-frequency peaked BL Lac
objects within our hadronic scenario, we distinguish two limit-
ing cases. These depend on whether the VHE spectrum is dom-
inated by proton-synchrotron emission from the primary pro-
tons or by muon-synchrotron emission from muons generated in
pion decays that follow proton-photon interactions. In general,
both components contribute at least to some extent to the VHE
spectrum. In all the hadronic scenarios discussed here, the low-
energy bump of the SED that covers the optical to X-ray range
is interpreted as electron-synchrotron radiation2.
3.1. Proton-synchrotron dominated very-high-energy
spectrum
In this scenario, proton-synchrotron emission is responsible
for the entire high-energy bump. A contribution from muon-
synchrotron or cascade emission only appears above several TeV
or tens of TeV, where it can lead to small spectral features as will
be discussed below. When the high-energy bump is ascribed to
proton-synchrotron emission, the proton-synchrotron peak fre-
quency is fixed to the peak frequency of the bump.
Solutions with a constant synchrotron peak frequency lie on
diagonal lines in the log B-logR parameter plane that satisfy
logR ∝ −3/2 · log B (6)
for a given n1 and δ. This can be seen from Eqs. 20 and 29 in
C15. Solutions with higher or lower peak frequencies lie on par-
allels towards higher or lower values of R, respectively. This is
2 An alternative definition of “hadronic” models, where the whole SED
is dominated by emission linked to hadrons, is used by Mastichiadis
et al. (2013). Such scenarios seem to lead to very high jet powers and
are not considered here.
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Fig. 1. Location of hadronic solutions in the logR-log B parameter
plane. The frequency of the proton synchrotron emission peak remains
constant along the dashed lines. The solid diagonal line separates the
adiabatic cooling dominated domain from the radiative cooling dom-
inated domain. The location of the typical solutions for HBLs shown
in Figs. 2, 4 and 5 are indicated with markers and numbers. The dot-
ted arrow points in the direction of decreasing proton synchrotron peak
frequency.
shown schematically in Fig. 1. All the solutions for the HBLs
we have studied lie in the adiabatic cooling dominated regime,
meaning to the left of the bold line in Fig. 1.
When moving along the diagonal line of constant peak fre-
quency towards higher B and smaller R while keeping the flux
level constant, the equipartition ratio η increases. The magnetic
energy density uB increases as B2. The proton energy density up
increases roughly as B3 due to the relation given in Eq. 6 and
the dependence of γp,max on R and B (cf. Eq. 1). As η increases,
proton-photon interactions become more frequent, leading to a
more significant contribution from subsequent synchrotron-pair
cascades and from muon-synchrotron emission. This can be seen
in Fig. 2, in which model SEDs are shown for three different
locations on a diagonal in the log B-logR plane. The proton-
synchrotron component remains dominant as long as the peak
frequency is sufficiently high and the particle density remains
sufficiently low. This is particularly the case for all the hadronic
solutions found for UHBLs, as will be discussed in Sect. 5.
Increasing B moves the low energy cut-off in the electron-
synchrotron spectrum to higher frequencies, as shown in Fig. 2,
whereas solutions with large R and small B require large γe;min,
so as not to violate constraints from optical and radio data. Very
large values of γe;min are however physically difficult to account
for, except in very specific scenarios (see for example the dis-
cussion by Katarzyn´ski et al. 2006).
From Eqs. 4 and 6 it can be seen that the jet power decreases
with 1/B when moving on the diagonal towards higher B and
lower R, as long as the contribution from the magnetic energy
density dominates, meaning η << 1. Once the proton energy
density dominates, L j remains approximately constant for n1 ∼
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Fig. 2. Variation in the modelled SED when moving along the diagonal in logR-log B space. From left to right, models with log B[G] = 0.5,1.5,2.0
are shown. Particle densities are adjusted to maintain the same overall flux level between the different models. Solid red and blue lines indicate
the electron and proton synchrotron emission. The dotted and dashed lines show muon-synchrotron emission at the highest energies, and the SSC
and muon-synchrotron cascade components at lower energies, as indicated in the legend. The VHE spectrum is absorbed by the EBL, assuming a
redshift of 0.116, corresponding to the source PKS 2155-304. The spectral index n1 is chosen to be 1.9. The two dashed vertical lines are there to
guide the eye by marking the approximate peak postitions of the model in the central figure.
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Fig. 3. Location of hadronic solutions in log L j-log η parameter space.
The markers indicated the same solutions as shown in Fig. 1. The
dashed curve represents the location of the proton-synchrotron solu-
tions for a higher spectral index of the particle population. The vertical
line marks equipartition between energy density of the magnetic field
and relativistic protons.
2. The location of the different solutions in the log L j-log η plane
is shown in Fig. 3.
In the same figure, a second set of solutions is given for a
different, larger value of n1. When increasing n1 for a given B
and R, the proton energy density up increases because a given
population of protons close to γp;max implies a larger population
of protons at lower energy. This also leads to an increase in L j
and η.
3.2. Muon-synchrotron dominated very-high-energy
spectrum
Starting from a given proton-synchroton dominated solution, one
can find an alternative scenario when moving to lower values of
B or R (cf. Fig. 1, red and blue lines) or both. This will shift
the proton-synchrotron peak to a lower frequency, but will also
lead to an increase of η, due to an increase in particle density
that compensates the smaller emission region or magnetic field
strength. In the modelled SED, this results in a stronger presence
of emission from cascades and from the muon-synchrotron com-
ponent at high energies. In this scenario, the high-energy bump
is thus represented by a combination of different proton-induced
components.
An example for the transition from a proton-synchrotron to a
muon-synchrotron dominated VHE spectrum is shown in Figs. 4
and 5. The muon-synchrotron and cascade emission becomes
dominant in the TeV range in Fig. 4 in the right panel. Varia-
tions in either R or B lead to very similar models, except that by
decreasing only B one lowers the energy cut-off in the electron-
synchrotron spectrum. Note the small shift in the left slope of the
low-energy bump in Fig. 5 between the three panels.
When lowering B or R from a given initial value while keep-
ing the flux level constant, the jet power L j decreases as long as
uB dominates over up. As η increases, up will eventually become
dominant and L j will increase, as can be derived from Eq. 4. The
muon-synchrotron dominated scenario provides an energetic ad-
vantage for another reason: due to the combination of several
components in the high-energy bump, the spectral index n1 is
no longer constrained by the often relatively flat high-energy
spectrum in the MeV and GeV range, in the νFν representa-
tion. This scenario can accommodate broad high-energy bumps
with smaller n1 than the proton-synchrotron scenario, leading to
a lower L j due to the smaller proton number density.
3.3. Appearance of a “cascade bump” spectral feature
The combination of spectral components from proton-
synchrotron emission and from proton-photon interactions can
lead to spectral hardening in the VHE spectrum, as is seen in
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Fig. 4. Variation in the modelled SED when varying R, i.e. moving along the red line in logR-log B space. From left to right, models with
logR[cm] = 15.7, 15.3, and15.0 are shown. Particle densities are adjusted to maintain the same overall flux level between the different models.
Definition of the different curves as in Fig. 2.
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Fig. 5. Variation in the modelled SED when varying B, i.e. moving along the blue line in logR-log B space. From left to right, models with
log B[G] = 1.7, 1.5,1.3 are shown. Particle densities are adjusted to maintain the same overall flux level between the different models. Definition
of the different curves as in Fig. 2.
some of the exemplary models in Figs. 2, 4, and 5. The neces-
sary condition for this kind of a feature to occur is a sufficiently
high value of η, such that proton-photon interactions are non-
negligible against proton-synchrotron emission. For the proton-
synchrotron scenario this is the case for solutions on the diagonal
towards large B and small R, where the muon-synchrotron com-
ponent starts becoming visible at the highest energies.
This “cascade bump” feature can also be seen in certain
muon-synchrotron solutions. When the muon-synchrotron com-
ponent is very prominent, the transition between muon and pro-
ton synchrotron emission occurs below the TeV spectrum and
could lead to distinctive features between the Fermi-LAT and
TeV energy ranges. In other cases, both the proton and muon-
synchrotron emission contribute to the TeV spectrum, which can
lead to spectral features from the muon and cascade emission
at the highest observable energies. It should be mentioned that
this feature is also seen in other hadronic models (e.g. Mücke
et al. 2003; Böttcher et al. 2013), but there has been no system-
atic study of its dependence on the model parameters and of its
detectability. Because this feature depends on the relative contri-
butions from several components and thus on the exact param-
eter set used for a given solution, the only feasible approach to
evaluate its prevalence seems to be a case study of a large num-
ber of solutions for a few given sources, which is attempted in
the following section.
4. Application to PKS2155-304 and Mrk 421
4.1. Datasets and constraints
We selected two prominent TeV emitting HBLs as exemplary
sources for our study, because their broad-band SEDs have been
well measured in several multi-wavelength campaigns: Mrk 421
in the northern hemisphere and PKS 2155-304 in the southern
hemisphere. Because we are interested in the persistent emis-
sion from these blazars and do not try to interpret emission from
flares, we focus here on datasets corresponding to low flux states.
The nearby blazar Mrk 421 has a redshift of z = 0.031.
The black hole at its centre has a mass of about 1.7 × 108M
(Woo et al. 2005), and thus a Schwarzschild radius RS ,Mrk421 ∼
5.0 × 1013cm. This corresponds to an Eddington luminosity of
Ledd,Mrk421 ∼ 2.1 × 1046ergs−1.
The SED for Mrk 421 taken from Abdo et al. (2011), from
a multi-wavelength campaign in 2009 in which the source was
found in a low flux state, includes: data points from several
telescopes in the radio and optical band, data from SWIFT (X-
rays and UV), RXTE (X-rays), Fermi-LAT (γ-rays), and MAGIC
(VHE). The published MAGIC spectrum had been de-absorbed
by the authors using the EBL model by Franceschini et al.
(2008). To compare the spectral points with our model curve, we
absorbed the published VHE data points using the same model.
The high-energy bump of the SED peaks around 100 GeV with
a peak energy flux of roughly 8 × 10−11 erg cm−2 s−1.
The HBL PKS 2155-304 is more distant than Mrk 421, with
a redshift of z = 0.116. Its black-hole mass is still subject to dis-
cussion. Based on measurements of the host-galaxy luminosity
by Kotilainen et al. (1998) and on the relations given by Bettoni
et al. (2003), a mass of 1 − 2 × 109M is estimated byAharonian
et al. (2007). However, when accounting for the scatter in the
relation between bulge luminosity and black-hole mass, its mass
could be as low as 2 × 108M (Rieger & Volpe 2010; McLure
& Dunlop 2002). In addition, as pointed out by Aharonian et al.
(2007), the host galaxy luminosity might require further confir-
mation. We thus considered a range for the Schwarzschild ra-
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dius of RS ,PKS 2155−304 ∼ 3× 1013 − 3× 1014cm, corresponding to
Ledd,PKS 2155−304 ∼ 3 × 1046 − 3 × 1047erg s−1.
The SED for PKS 2155-304, taken from Aharonian et al.
(2009b), includes data from the ATOM telescope (optical),
SWIFT, RXTE, Fermi-LAT, and H.E.S.S. (VHE), all taken dur-
ing a multi-wavelength campaign in 2008, in which PKS 2155-
304 was found in a relatively low, although not quiescent state.
The published VHE data in this case correspond to the absorbed
fluxes. The high-energy bump of the SED peaks around a few
10 GeV, with a peak energy flux of roughly the same level as for
Mrk 421.
4.2. Hadronic solutions for PKS 2155-304
When we interpreted the high-energy bump as proton syn-
chrotron emission, the spectral index of the proton population
was constrained by the Fermi-LAT spectrum to n1 & 2.0. This
also fixed the spectral index of the electron population follow-
ing our simple co-acceleration scenario. Given the high magnetic
field strengths in this scenario, the entire electron population is
cooled by synchrotron radiation and has thus a photon index of
n1 + 1. The parameters γe;min and γe;max had to be adjusted to
obey the constraints from the optical and X-ray emission, which
we assumed to stem from the same emission region as the high-
energy radiation.
The high-energy bump could also be modelled as a combi-
nation of a proton-synchrotron peak in the Fermi-LAT band and
a muon-synchrotron component that dominates the TeV spec-
trum. In this case, the spectral index of the proton spectrum
was smaller, meaning that the spectrum was steeper in the high-
energy range than in the proton-synchrotron dominated scenario.
We found good solutions for 1.9 . n1 . 2.1. Models with
smaller n1 are no longer compatible with the optical and X-ray
data, whereas larger n1 provide still acceptable representations of
the SED, but lead to very large jet powers L j > Ledd,PKS 2155−304.
These solutions correspond to a wide range of magnetic field
strengths. For B smaller than a few Gauss, the source exten-
sion and jet power become very large. On the other hand,
B & 100 G corresponds to solutions with very small R, close
to RS ,PKS 2155−304.
Two examples of such solutions for PKS 2155-304 are
shown in Fig. 6. A visible “cascade bump” appears in the VHE
spectrum in both cases. The relevant acceleration and cooling
timescales of the particle populations for these two solutions are
shown in Sect. A. In all cases, energy losses are clearly dom-
inated by adiabatic losses, and photo-meson losses, which are
dominated by photopion production, are the slowest processes.
Differences between the two solutions for each source are rela-
tively small. The photo-meson time scale is smaller for the solu-
tions with smaller R and higher particle densities. The solutions
for Mrk 421 have smaller source extensions, leading to shorter
timescales for adiabatic cooling and thus smaller maximum pro-
ton energies.
The hadronic solutions for both sources are located inside
the adiabatic-cooling dominated regime in log B-logR space (cf.
Fig. 7). For PKS 2155-304, solutions can be found over the
whole physically acceptable range of source extensions. The
contribution from muon-synchrotron and cascade emission is
completely negligible for magnetic fields of a few Gauss but
increases up to the same level as proton-synchrotron emission
at the highest allowed magnetic fields, meaning approximately
100 G.
Large source extensions imply long variability timescales
that might pose a problem for sources such as PKS 2155-304
and Mrk 421 that are known for their rapid variability, although
rapid flares and the continuous component likely arise from dif-
ferent emission regions (see e.g. H.E.S.S. Collaboration et al.
2012). It should also be noted that the minimum Lorentz factor
for the electron distribution can become large for very extended
sources. Although for all the solutions for Mrk 421 that are dis-
cussed below γmin does not become larger than about 700, for the
PKS 2155-304 models with the largest extensions it can increase
up to 1800.
The energy budget of the solutions for PKS 2155-304 can be
dominated by the energy density of the protons or of the mag-
netic field, as seen in Fig. 8. The jet power becomes large for
solutions with small magnetic fields and thus large emission re-
gions. As discussed above, the value of n1 has a strong influence
on the jet power. For the study presented in Sect. 6, we consider
all the solutions shown in Figs. 7 and 8, but the most easily ac-
ceptable solutions in terms of jet power and source extension are
those with intermediate values of R and B and a relatively small
n1.
4.3. Hadronic solutions for Mrk 421
For the SED of Mrk 421, the proton-synchrotron scenario does
not provide an acceptable solution because the spectral index n1
is strongly constrained by the optical data, ruling out solutions
with a sufficiently flat shape of the high-energy bump to match
the Fermi-LAT data. Good solutions are restricted to values of
1.7 . n1 . 1.9 and require a significant contribution from muon-
synchrotron emission to reproduce the shape of the high-energy
bump. Two examples of such solutions are shown in Fig. 9.
These solutions occupy a restricted range of magnetic field
strengths, as seen in Fig. 7. For B smaller than a few 10 G,
the muon-synchrotron component is too low compared to the
proton-synchrotron component to match the given flux level, and
the proton-synchrotron peak has shifted too far to lower energies,
leading to a depression in the TeV spectrum. The hadronic solu-
tion proposed by Abdo et al. (2011), using the model by Mücke
& Protheroe (2001), which served as an inspiration for the
hadronic part of our code, falls into the same region as our so-
lutions with log B[G] = 1.7 and logR[cm] = 14.6, even though
their Doppler factor is much smaller with δ = 12.
As is shown in Fig. 8, the solutions are characterised by an
energy budget close to equipartition and by a total jet power that
is lower than in the case of PKS 2155-304. In fact, all solutions
for Mrk 421 have L j < 0.1Ledd,Mrk421. When comparing solu-
tions with the same magnetic field strength and the same pro-
ton index n1 = 1.9 for the two sources, the jet power neces-
sary for the PKS 2155-304 model is about a factor of five larger
than for Mrk 421. Given the similar observed flux levels of the
two sources, to compensate for the difference in redshift be-
tween them a larger emission region and a higher particle density
are needed for PKS 2155-304, leading to an increased jet power
and a higher maximum proton energy. Although the high-energy
bump for these parameters is interpreted as muon-synchrotron
emission for Mrk 421, proton-synchrotron radiation dominates
in PKS 2155-304.
When comparing our solutions for Mrk 421 to the one pro-
posed by Abdo et al. (2011), the jet powers are very similar, such
that log L j[erg/s] = 44.7 for the latter. However, the smaller δ
in their solution requires compensation through a higher proton
density and leads to a clear dominance of the proton energy with
log(η) = 0.7.
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Fig. 6. SEDs for PKS 2155-304 with two hadronic models where proton synchrotron emission (left figure) or muon-synchrotron emission (right
figure) dominates the TeV spectrum. These solutions correspond to a spectral index of n1 = 2.1 and 1.9, a magnetic field with log B[G] = 0.3 and
0.7, and an emission region of size logR[cm] = 9×1016 and 1.5×1016, respectively. See Fig. 2 for a description of the different curves. The dataset
is described in the text.
Fig. 7. Source extension vs. magnetic field for HBL models. The dif-
ferent symbols correspond to the two different sources and to different
spectral indices n1. The grey band indicates the range of values sug-
gested for the Schwarzschild radius of PKS 2155-304, whereas the blue
line shows the Schwarzschild radius of Mrk 421.
4.4. Synchrotron self-Compton and mixed lepto-hadronic
solutions
A standard one-zone SSC model cannot account for the observed
SEDs if one assumes that the electron input spectrum is a simple
power law that is only modified by a synchrotron cooling break.
One-zone SSC solutions require the introduction of an ad hoc
broken-power-law shape for the electron distribution, in viola-
tion of our physical assumptions.
When loosening those assumptions for electron populations
following a broken power law, accurate representations can be
found for both SEDs with the exception of the optical data from
the ATOM telescope in the SED of PKS 2155-304, which seem
to require either an additional component (H.E.S.S. Collabora-
Fig. 8. Jet power vs. equipartition ratio for HBL models. The different
symbols correspond to the two different sources and to different spectral
indices n1. The grey band indicates the range of values suggested for the
Eddington luminosity of PKS 2155-304, whereas the blue line shows
the Eddington luminosity of Mrk 421.
tion et al. 2012) or a more complicated electron distribution
(Aharonian et al. 2009b). When we adjusted the model to the
X-ray, γ-ray, and VHE data while constraining the shape of the
synchrotron bump to roughly account for the optical flux, and
while keeping a fixed Doppler factor of δ = 30, the remaining
parameters of the leptonic SSC model were well constrained.
The resulting solutions can be seen in Fig. 10. They correspond
to a size of the emission region of approximately 7 × 1016cm
and approximately 1016 cm, a magnetic field strength of 0.04 G
and 0.08 G and a jet power of 8 × 1043 erg s−1 and 1 × 1043 erg
s−1 for PKS 2155-304 and Mrk 421, respectively. Additional so-
lutions can be found when modifying δ and compensating with
an adjustment of R, B, and the normalisation of the electron pop-
ulation. Here we are only interested in the SSC model with the
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Fig. 9. SEDs for Mrk 421 with two hadronic models where muon-synchrotron emission dominates the TeV spectrum. These solutions correspond
to a spectral index n1 = 1.7 and 1.9, a magnetic field with log B[G] = 1.9 and 1.5, respectively, and an emission region of size logR[cm] = 1.5×1014
and 5.7 × 1014, respectively. See Fig. 2 for a description of the different curves. The dataset is described in the text.
aim of comparing the different hadronic solutions (Sect. 6) and
do not discuss these models in any detail.
Mixed lepto-hadronic scenarios, in which both proton-
induced cascades and SSC emission make up the high-energy
bump in the SED, do not present a possible solution for the
two HBLs studied here in the framework of our model and with
the constraints we have imposed. Mastichiadis et al. (2013) and
Dimitrakoudis et al. (2014) show that it is possible to find mod-
els for an SED of Mrk 421 for low magnetic fields and relatively
small emission regions in which the high-energy bump is dom-
inated by cascade emission. Their study is based on a dataset
from observations in 2001 that is less complete than the more re-
cent multi-wavelength (MWL) data used in our study, especially
due to the absence of data from Fermi-LAT. Another important
difference lies in the additional constraints we impose on our
model parameters and on the restriction of our solutions to low
jet powers and equipartition ratios. By imposing small values of
γp;max, which is considered a free parameter in their model and is
chosen to be roughly three orders of magnitude below the value
we would get from our constraints, and by adjusting the slopes
of the electron and proton distributions separately, a distinct set
of “leptohadronic-pion” solutions can be found. These solutions
are marked by very steep injection spectra with indices below
1.5, a large deviation from equipartition that is typically up/uB
of the order 103, and very large jet powers of the order 1048 erg
s−1.
5. Comparison to the parameter space of models
for ultra-high-frequency peaked BL Lac objects
The application of our lepto-hadronic code to UHBLs is de-
scribed in C15, where solutions are given for five UHBLs:
1ES 0229+200, 1ES 0347-121, RGB J0710+591, 1ES 1101-
232, and 1ES 1218+304. The ensemble of the lepto-hadronic
solutions found for those sources in log B-logR space and L j-
η space are shown in Figs. 11 and 12 for comparison with the
HBL solutions 3. It should be noted that solutions with L j < Ledd
can be found for each source separately. The same bulk Doppler
factor of δ = 30 was assumed in that study.
3 Compared to C15, the jet powers shown here are larger by a factor of
two to account for double-sided jets.
Proton-synchrotron radiation dominates the high-energy
spectral bump for a large set of solutions on both sides of the
dividing line between different cooling regimes, as shown in
Fig.11. Because UHBLs are defined by higher peak frequen-
cies of the high-energy bump compared to HBLs, solutions are
shifted to the right, parallel to the diagonal band that marks the
HBL solutions in Fig. 7. For these models, contributions from
muon-synchrotron and cascade emission are negligible. The en-
ergy budget is largely dominated by the energy density of the
magnetic field (cf. Fig. 12) and the jet power decreases approxi-
mately as 1/B.
It should be noted that whether adiabatic or radiative cool-
ing dominates at the highest proton energies depends on the as-
sumptions made about the acceleration timescale. This explains
why Mücke et al. (2003), for example, find solutions for HBLs
in which both timescales are comparable at the highest energies
by assuming highly efficient particle acceleration. Independently
of the actual behaviour of the acceleration timescale, if one as-
sumes that the same particle acceleration mechanism is at play
in HBLs and UHBLs, it can be seen that UHBLs correspond to
a more radiatively-efficient regime in which radiative losses are
more important than for HBLs.
The very steep spectral shape required to fit the Fermi-LAT
data in UHBLs implies that jet powers are still acceptable even
with larger values of B and R compared to HBLs. It also leads to
smaller values of η. For this reason, proton-photon interactions
in UHBLs are largely dominated by proton-synchrotron emis-
sion and there are no “cascade bumps” even for small source
extensions. The muon-synchrotron scenario does not allow us to
represent the SEDs of UHBLs because the proton-synchrotron
peak of the model is strongly constrained by the high-energy
bump and cannot be shifted to lower energies without violating
the constraints from the Fermi-LAT data.
For UHBLs, a set of mixed lepto-hadronic solutions can be
found in a more compact region in log B-logR space for val-
ues of B between approximately 0.1 G and approximately 2 G,
in which a combination of both SSC and proton-induced cas-
cade emission is responsible for the high-energy spectral bump.
For these models, proton-synchrotron emission occurs at inter-
mediate energies and is very weak compared to the emission
from SSC and cascades. The energy budget is dominated by
the kinetic energy of the relativistic protons (cf. Fig. 12). Such
mixed lepto-hadronic solutions cannot be found for less extreme
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Fig. 10. SEDs for PKS 2155-304 (left figure) and Mrk 421 (right figure) with an SSC model, where only electron synchrotron emission and
SSC emission are considered. These solution correspond to a magnetic field with log B[G] = −1.4 and −1.1, and an emission region of size
logR[cm] = 16.8 and 16.0, respectively. The solid red line corresponds to the electron-synchrotron emission and the dotted green line to the SSC
component. The datasets are described in the text.
Fig. 11. Source extension vs. magnetic field for the UHBL models dis-
cussed by C15. The locations for the two different types of models are
shown in black for the proton-synchrotron scenario and in red for the
mixed lepto-hadronic scenario. The grey band indicates the range of
Schwarzschild radii for the five UHBLs considered.
HBLs when we impose our usual constraints, as was discussed
in Sect. 4.4. In both scenarios applicable to UHBLs, the proton
synchrotron and mixed lepto-hadronic, contribution from muon-
synchrotron emission is small and there is no spectral feature in
the TeV range arising from cascades.
6. Expected “cascade bump” signatures for the
Cherenkov Telescope Array
The hadronic signatures in the VHE spectrum we are interested
in can be seen at some level over the whole range of solutions
discussed in Sect. 4. For these models, we want to test the possi-
bility of detecting the “cascade bump” with the future CTA and
thus to distinguish the hadronic scenarios from a basic one-zone
SSC model.
Fig. 12. Jet power vs. equipartition ratio for the UHBL models dis-
cussed by C15. The locations for the two different types of models are
shown in black for the proton-synchrotron scenario and in red for the
mixed lepto-hadronic scenario. The grey band indicates the range of
Eddington luminosities for the UHBLs considered.
6.1. Method
The expected spectra for CTA were simulated using the publicly
available instrument response functions 4 for the full southern
array in the case of PKS 2155-304 and for the full northern array
in the case of Mrk 421. The current layout for the southern array
led to roughly a two times better differential sensitivity in the
range around a few TeV compared to the northern array.
For each modelled spectrum, the integrated flux of expected
γ-rays and cosmic-ray background events per energy bin was
determined and weighted with the effective area from the perfor-
mance file. The resulting event rate was then multiplied by the
observation time, yielding the total number of detected events
per bin. The number of excess events was determined by assum-
ing that the γ-rays and cosmic rays follow a Poisson distribu-
4 https://portal.cta-observatory.org/Pages/
CTA-Performance.aspx
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tion and are subject to the simulated energy resolution of the
instrument. The background rate was assumed to be extracted
from a region on the sky that is five times larger than the “on-
source” region, corresponding to a standard situation for obser-
vations in “wobble-mode”. The uncertainty in the number of ex-
cess events was calculated using the method by Li & Ma (1983).
The excess and its uncertainty were then converted into a spec-
tral point with a statistical uncertainty. An example for two sim-
ulated CTA spectra is shown in Fig. 13. For the chosen model,
one can clearly see the difference in the shape of the simulated
CTA spectra for an SSC and a hadronic scenario.
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Fig. 13. Example of testing emission scenarios with CTA: compar-
ison of the expected CTA spectra for two specific emission models
for PKS 2155-304. A hadronic scenario is shown on the left, in which
n1 = 2.1, log B[G] = 1.1. and logR[cm] = 15.6, and a standard leptonic
SSC model on the right. The exposure time assumed for the simulations,
33 hr, is the same as the live time for the H.E.S.S. observations, which
are represented by grey data points above 3×1025 Hz. H.E.S.S. upper
limits are not shown. Uncertainties in the CTA data points are smaller
than the red squares.
To take into account statistical fluctuations of the γ-ray rate
and background rate, and the effect of a limited energy resolu-
tion, several realisations of the simulated spectra were generated.
For each hadronic model we simulated one hundred spectra and
compared them to one hundred spectra simulated for the SSC
model for the same source. We verified that a larger number
of realisations is not necessary because it does not significantly
change our results.
To compare the simulated hadronic and SSC spectra, first
the simulated SSC spectra were fitted with a simple logparabolic
function, where the lower limit of the fitted energy range was ad-
justed to optimise the reduced χ2 of the fit. The form of this func-
tion, characterised with three parameters (P1, P2, P3), is given
by:
log f (log E) = P0+(−P1−P2∗(log E−log E0))∗(log E−log E0);
(7)
energies are in units of TeV and the reference energy is fixed
with log E0 = -1.
The real shape of the overall SSC spectrum bump, which is
absorbed on the EBL, is generally not well represented by a log-
parabola. However, if the energy range is restricted to energies
above about 100 GeV the logparabolic function provides a satis-
factory characterisation with typical fit probabilities above 10%.
The same fit function is then applied to a second SSC model
for each source to verify that it does indeed provide a general
description of the SSC scenario and not only of a single model.
The same fit function applied to hadronic models over the
same energy range usually results in worse reduced-χ2 values.
An example for a logparabolic fit to a realisation of a hadronic
model and of an SSC model is shown in Fig. 14.
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Fig. 14. Example of a logparabolic fit to realisations of simulated spec-
tra, upper panel, for an SSC model (black circles, upper fit parameters)
and a hadronic model (red squares, lower fit parameters). The spectra
correspond to a 50 hr exposure time on the source PKS 2155-304. The
lower panel shows the ratio of the simulated fluxes over the fit function.
It should be noted that a direct comparison between the
simulated SSC and hadronic spectra, using for example a
Kolmogorov-Smirnov test, risks being inconclusive. This is be-
cause we are only interested in comparing features in the spec-
tral shape and not the absolute values of the spectral distributions
between two models, which could be significantly different even
between two SSC models that are acceptable solutions for the
given dataset.
All spectra simulated for the SSC and hadronic models for a
given source were fitted with the same function and the values of
the resulting reduced χ2 were recorded. The quality of the log-
parabolic fit was thus used to discriminate between spectra with
SSC and with hadronic shapes. The distributions of the reduced
χ2 were characterised by their mean and standard deviation. As
a simple ad hoc criterion, which can be refined in future stud-
ies, we consider that two models start being distinguishable if
there is no overlap in their reduced χ2 distributions within one
standard deviation from the mean values, meaning that if〈
χ2hadronic
〉
− σhadronic >
〈
χ2S SC
〉
+ σS SC , (8)
the results in the following section do not change significantly
when the mean and width of a Gaussian fit to the reduced χ2
distribution is used to characterise the different models, instead
of the mean and standard deviation of the distribution itself.
6.2. Detectability as a function of exposure time
The detectability of the “cascade bump” in the different hadronic
models for PKS 2155-304 and Mrk 421 was tested for three
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different observation times with CTA: 20 hr, 50 hr, and 100 hr.
These are typical exposure times used with current IACT ar-
rays on a single source when considering that the low-state flux
can be summed over several observation periods. Both blazars
chosen for this study will be observed regularly with CTA, as
calibration sources, but also within the AGN Key Science Pro-
gramme (CTA Consortium 2017).
The logparabolic function provides a good fit for two inde-
pendent SSC models for each of the two sources. In the case of
PKS 2155-304, we compare an SSC model that includes the op-
tical points against an alternative model that is not constrained
by the optical emission, supposed in this case to stem from a
different emission region, for example an extended jet. The re-
duced χ2 distributions for one hundred realisations of each of
the two SSC models are in good agreement for 20 hr and 50 hr
exposure times and still have a large overlap for 100 hr. The 1-σ
envelope of the resulting reduced χ2 distributions for fits above
approximately 400 GeV is below 1.3 for observations of 20 hr
or 50 hr and below 2.4 for observations of 100 hr at which point
the shapes of the simulated SSC spectra do not always match the
logparabolic function very well.
In the case of Mrk 421, we compare two SSC models with
Doppler factors of δ = 30 and 50, with logparabolic fits above
approximately 600 GeV. The 1-σ envelope is below 1.5 for
20 hr and 50 hr exposure times and increases to 2.0 for 100 hr.
Fig. 15. Mean values of the reduced χ2 distributions of logparabolic fits
to one hundred realisations of each model for the SEDs of PKS 2155-
304. The abscissa shows the logarithm of the magnetic field strength to
distinguish different hadronic models. The error bars show the standard
deviation of the distributions. The energy range of the fit was chosen to
provide a good reduced χ2 for two different SSC models. The grey band
is the union of the 1-σ envelopes of those SSC spectrum fits.
When the same logparabolic fits are applied to the hadronic
models, in most cases the reduced χ2 of the fit is different from
that obtained with the SSC model by more than one standard de-
viation for 50 hr of observation time, and in several cases already
by 20 hr (cf. Figs. 15 and 17). The difference between SSC and
hadronic models becomes clearer as the exposure time increases.
When investing 100 hr of observation time, the large majority
of our hadronic models for PKS 2155-304 and for Mrk 421 are
clearly distinguishable from the SSC models. Figures 16 and 18
show the corresponding fit probabilities (p-values) in terms of
the mean and standard deviation for the distributions of the loga-
rithmic probabilities. For 50 hr of observation time, for example,
most hadronic models for PKS 2155-304 have probabilities less
Fig. 16. Mean logarithmic values of the probabilities for the same fits
as Fig. 15 for PKS 2155-304. The abscissa shows the logarithm of the
magnetic field strength to distinguish different hadronic models. The
error bars show the standard deviation of the distributions. The grey
band is the union of the 1-σ envelopes of the SSC spectrum fits.
Fig. 17. Mean values of the reduced χ2 distributions of logparabolic fits
to one hundred realisations of each model for the SEDs of Mrk 421. The
caption of Fig. 15 contains more details.
than 1×10−5, whereas the SSC models have probabilities greater
than 0.1.
For PKS 2155-304, the model with a spectral index of 2.1
and a very small magnetic field of 1 G corresponds to a pure
proton-synchrotron scenario, in which contributions from muon-
synchrotron and cascades are very small and do not lead to sig-
nificant features. This model is also the one with the largest jet
power. On the other hand, models with very large magnetic fields
of B & 70 G and dense emission regions also present a chal-
lenge, because the contribution from cascades and muon syn-
chrotron are strongly absorbed at the highest energies, leading to
very steep and smooth spectra without detectable features. These
models are also disfavoured on physical grounds, because the ra-
dius of the emission region is very close to the Schwarzschild
radius of the source.
Pure proton-synchrotron models for Mrk 421 do not exist, as
discussed above. Models with very large magnetic fields above
& 100 G suffer from the same problems for detection of the “cas-
cade bump” as in the case of PKS 2155-304. They are again dis-
favoured due to the smallness of the emission region.
Article number, page 12 of 22
A. Zech et al.: Expected signatures from hadronic emission processes in the TeV spectra of BL Lac objects
Fig. 18. Mean logarithmic values of the probabilities for the same fits as
Fig. 17 for Mrk 421. The abscissa shows the logarithm of the magnetic
field strength to distinguish different hadronic models. The error bars
show the standard deviation of the distributions. The grey band is the
union of the 1-σ envelopes of the SSC spectrum fits.
6.3. Detectability as a function of flux level and redshift
The two sources selected for this case study are particularly
bright HBLs, even in their low states. To test how the detectabil-
ity of the “cascade bump” depends on the absolute flux level, we
scaled the fluxes of an SSC model and of a well distinguishable
hadronic model by factors between 0.5 and 0.1 for each of the
sources.
For a model for PKS 2155-304 with a “cascade bump” de-
tectable in 20 hr exposure time, at least 50 hr are needed for a de-
tection of the signature when the flux is reduced to 40% of its ini-
tial value. For a reduction to 30%, more than 100 hr are needed.
When selecting a well-distinguishable model for Mrk 421, in
which the “cascade bump” is detected in 20 hr, and reducing its
flux to 40% of its initial value, again the signature is only de-
tectable in 50 hr of exposure time or more. Around 100 hr are
needed for a flux reduced to 30%. Thus only sources with rela-
tively high flux levels during their low states may be considered
for searches of this spectral signature with CTA.
The HBLs PKS 2155-304 and Mrk 421 are nearby sources
with redshifts of z = 0.116 and z = 0.031, respectively. To
test the dependence of the “cascade bump” signature on the
source distance, we artificially redshifted an SSC model and a
hadronic model with well-detectable “cascade bumps” to values
of z = 0.15, 0.2 for PKS 2155-304 and to z = 0.1, 0.15, 0.2 for
Mrk 421, and evaluated the fit results for these shifted fluxes. Un-
surprisingly, the source redshift is a very important factor for the
detectability of the hadronic signature. For PKS 2155-304, mov-
ing the redshift to 0.15 increases the minimum exposure time for
a detection of the signature from 20 hr to 50 hr. In the case of
Mrk 421, putting the source at a redshift of 0.1 already increases
the required observation time from 20 hr to 100 hr. Increasing
the source distance leads not only to a reduction of the observed
flux, but the stronger absorption on the EBL rapidly washes out
the spectral structure at the highest energies.
It should be stressed that the detectability of the hadronic sig-
nature does not only depend on the flux level and redshift of the
source, but also on its intrinsic spectral shape. The above esti-
mates based on our two sources are meant to provide some gen-
eral trends, although actual numbers might vary significantly for
other sources. Sources with large high-energy bumps and hard
spectra in the TeV range might prove especially more accessi-
ble, even at larger redshifts and for lower fluxes.
7. Discussion
7.1. Impact of our simplifying assumptions
To arrive at the selection of models for the two HBL sources,
several physically-motivated simplifying assumptions were
made to reduce the space of the model parameters. They are
discussed in the following paragraphs.
Assuming an identical index for the injection spectra
of protons and primary electrons significantly reduces the
acceptable values of the slope for both spectra and excludes
pure proton-synchrotron scenarios for the SED of Mrk 421,
given the constraints from the optical data. It also restricts the
minimum jet power for the solutions for PKS 2155-304, by
excluding solutions with n1 < 1.9. This assumption ignores the
complexity of the actual acceleration mechanisms that may be
at play inside the source and might lead to different particle
spectra for protons and leptons, which are subject to diffusion
on different length scales. In the same sense, the assumption
of a pure synchrotron cooling break in the electron spectrum
might be an over-simplification, as is generally assumed in
one-zone SSC models. Nevertheless, the parameter space of our
solutions should not change significantly for particle indices
before cooling that are close to the value of around two, which
is expected for Fermi-like acceleration. The stronger constraint
comes from the fact that primary electrons are completely
cooled whereas protons are not, resulting in a significantly
steeper stationary spectrum for the electrons. This constraint is
a solid consequence of the assumed co-acceleration scenario.
The maximum proton energy is determined by an equi-
librium between acceleration and loss timescales, and thus in
our framework only by the magnetic field B and source radius
R. A more sophisticated treatment of particle acceleration,
diffusion, and energy loss may lead to a wider range of max-
imum possible proton energies for a given parametrisation of
the source conditions. More diverse combinations between the
proton-synchrotron component and the muon-synchrotron and
cascade components might occur. As an order-of-magnitude
estimate, however, the current approach is sufficient.
We chose to fix the value of the bulk Doppler factor to
δ = 30, but the present study may be extended to a range of
values. We verified the effect on the resulting models for a given
B when varying the Doppler factor to δ = 20 and to δ = 40 while
keeping the peak positions and peak fluxes of the modelled SEDs
constant. Increasing δ by a factor fδ leads to an increase in the
observed energy flux level “νFν”that is proportional to f 4δ . At
the same time, the frequencies of the electron-synchrotron and
proton-synchrotron peak positions increase by a factor fδ. A re-
duction in R, which leads to a reduction in γp;max given our con-
straints, and an adjustment of the maximum electrons Lorentz
factor γe;max, are necessary to keep the positions of the peaks
fixed at their initial frequencies.
Reducing R leads to a linear reduction of γp;max and thus to
a quadratic reduction in the proton-synchrotron peak frequency.
When compensating for the shift in the peak frequency by re-
ducing R by a factor f −1/2δ , the flux level decreases by a factor
f −3/2δ . It is thus still a factor f
5/2
δ higher than before the change
in δ. This remaining flux increase needs to be offset by reducing
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the particle densities by a factor f −5/2δ . For the proton population,
this reduced particle density leads to a smaller contribution from
the muon-synchrotron and cascade components. Inversely, these
components become more significant when lowering the value of
δ while keeping the flux level and peak frequencies seen by the
observer fixed. The low-energy turnover of the modelled SED in
the optical range is kept fixed by decreasing the value of γmin,e
when increasing δ, which can lead to more standard values for
certain models.
The choice of δ has also an effect on the jet power. Given
the small-angle approximation (Eq. 2), the jet power is directly
proportional to δ2, as can be seen from Eq. 4. When neglecting
the small contributions from the electron population and from
the radiation fields, the jet power takes the following form in our
approximation:
L j ∝ R2δ2(c1B2 + c2Kpγp,max), (9)
with c1 and c2 constant. For a given B, when keeping flux level
and peak positions fixed as discussed above, the jet power L j
increases linearly with δ if the jet is dominated by the magnetic
energy density uB, due to the impact of the factors R2 and δ2.
For a jet dominated by the kinetic energy density of the proton
population up and for a proton spectrum with index n1 ∼ 2, the
jet power changes as L j ∝ f −1δ as a consequence of the additional
changes in Kp and γp,max.
For a typical model for PKS 2155-304, initially in the up
dominated regime, increasing δ from 20 to 40 while adjusting
flux level and synchrotron peak positions leads to a decrease
in L j by about 15% and a drop in the flux level of the muon-
synchrotron and the cascade components of roughly a factor
of two in νFν. For values of δ in the usual range assumed for
blazar emission models, the results presented here should thus
not change fundamentally.
To constrain the total jet power for our solutions, we com-
pare it to the Eddington luminosity as a natural scale defined
by the mass of the central black hole. This is clearly meant as
an order-of-magnitude estimate for the maximum acceptable jet
power instead of a strict limit. A different approach would be to
consider the disk luminosity as a natural scale to compare to the
jet power. However, the disk luminosity depends on the radiative
efficiency and thus on the physical conditions of the accretion
disk, which is in general not observationally accessible, espe-
cially for BL Lac objects, and for which a multitude of models
exist. In blazars it is generally seen that the jet power is not
limited by the disk luminosity, even for the “standard” leptonic
models (e.g. Celotti & Ghisellini 2008; Ghisellini et al. 2010). In
the case of Mrk 421, one can estimate the disk luminosity from
the detectable emission of the broad line region. Sbarrato et al.
(2012) provide a value of 0.5 × 1042 erg s−1 for the luminosity
of the broad line region for this source, translating to roughly
1043 erg s−1 for the disk luminosity (see e.g. Ghisellini 2013),
meaning about 5 × 10−4Ledd,Mrk421. For a typical jet power of
0.03 Ledd,Mrk421 (cf. Fig. 8), the ratio of jet power over disk
luminosity would be less than 100. Although these values still
require a relatively inefficient accretion process, the hadronic
interpretation for HBLs does not suffer from the extreme
energetic requirements derived by Zdziarski & Böttcher (2015)
for a set of hadronic models, which they applied to FSRQs and
low- and intermediate-frequency-peaked BL Lac objects.
The study presented here was carried out using the model of
the EBL by Franceschini et al. (2008), which is frequently used
for the interpretation of VHE data and has been shown to be
consistent with a range of observed sources (Biteau & Williams
2015). Although the dependency of our results on the chosen
model is not very strong, given that the sources under study are
not very distant, we note that it was shown that the “cascade
bump” signature becomes less well defined when assuming a
higher opacity of the EBL (Zech et al. 2013). On the other hand,
models with a more transparent EBL favour a detection of the
signature.
Any change in the CTA performance curves also has an
impact on our results. When studying for example the de-
tectability of the Mrk 421 models with the southern performance
files, one clearly sees a significant improvement due to the
better coverage at the highest energies that comes from a
larger number of medium-sized telescopes and the additional
small-size telescopes not foreseen for the northern site. Models
with undetectable “cascade bumps” for 100 hr exposures with
the northern performance curves show clear detectability when
using the southern performance curves instead. The public per-
formance curves used here represent preliminary expectations
of the instrumental response functions for preliminary array
layouts. Once the actual performance of the final CTA arrays
is established the results might thus differ from our current
predictions.
The long exposure times of up to 100 hr for the study that
we are proposing require multiple separate pointings during the
visibility periods of the sources. These pointings will be taken
over several months or even years and will very likely contain
data from different flux states. When extracting a spectrum from
these data, one will have to be very careful with the treatment
of flux and spectral variability. As discussed by Abdo et al.
(2011) in the case of a long-term campaign on Mrk 501, it will
be important to exclude periods of flaring activity to build the
spectrum from data in a low, persistent flux level. Based on past
observations of HBLs with the current generation of Cherenkov
telescopes, it seems that significant spectral variability in the
VHE band occurs only during flaring episodes. Although some
flux variability was detected in the long-term low-state VHE
lightcurve of Mrk 421 (Aleksic´ et al. 2015), significant spectral
variability was seen neither in the Fermi-LAT data from 0.1
to 400 GeV, nor in the MAGIC data over the 4.5 months of
observations (Abdo et al. 2011). Long-term VHE data from
PKS 2155-304 from H.E.S.S. also indicate only very small
spectral variations during non-flaring periods (H.E.S.S. Collab-
oration et al. 2010), which has been confirmed with more recent
data (Chevalier et al. 2015). The risk of introducing spectral fea-
tures due to a combination of data from different periods should
thus be small if the datasets are carefully selected and combined.
A final but important point concerns the method applied in
this study to characterise spectral features in the simulated SEDs.
The fit, by χ2 minimisation, of a simple function to the simulated
spectrum points represents a robust and rapid first approach, but
more sophisticated techniques will certainly be applied to anal-
yse CTA spectra. For the spectral analysis of current IACT data,
maximum likelihood methods applied to forward folding of dif-
ferent spectral shapes have become a standard technique. The
direct analysis of VHE data using realistic model shapes as un-
derlying hypothesis, instead of power laws and logparabola, pos-
sibly through the use of libraries of modelled SEDs over a range
of acceptable parameters, would be a next step and could be built
on current techniques used for the analysis of X-ray data. Ideally,
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one would apply such methods to a full and simultaneous MWL
dataset. It can thus be realistically expected that the search for
spectral features in actual CTA data will be more effective than
the simple approach proposed here for a first evaluation of the
detectability of the “cascade bump”.
7.2. Additional constraints from variability
Even in the relatively low states the present study is focusing
on, some flux variability was found during the MWL campaigns
of Mrk 421 and PKS 2155-304. For the latter source, Aharonian
et al. (2009a) report a small overall variability, characterised by
fractional rms, at the 30% level in the MWL light curves of the
campaign that covered twelve nights. The optical, X-ray, and
VHE light curves show flux-doubling on timescales of days. For
Mrk 421, Abdo et al. (2011) report only low flux variability dur-
ing the 2009 campaign that covered 4.5 months. A more in-depth
study by Aleksic´ et al. (2015) finds significant variability at all
wavelengths, which is highest in X-rays, with variations that are
typically smaller than a factor of two. The authors find variabil-
ity in the X-ray and VHE bands on day timescales, and in the
optical and UV band on weekly or longer timescales.
When requiring that the size of the emission region be suffi-
ciently small for the assumed Doppler factor δ = 30, to allow for
variability of the order of one day one can use the usual light-
crossing time argument to arrive at a limiting radius:
R ≤ c tvar δ/(1 + z). (10)
This translates into a constraint on the source extension of
R . 7 × 1016 cm for both sources. Although this kind of
an additional constraint would be of no consequence for our
selection of models for Mrk 421, which already present small
emission regions, a few models for PKS 2155-304 would be
excluded. This concerns the models with the most important jet
powers.
Apart from variability timescales, correlated behaviour be-
tween different wavelength bands is another observable char-
acteristic that might help distinguish leptonic from hadronic
scenarios. Aharonian et al. (2009a) find a correlation between
the optical and VHE bands for PKS 2155-304 on timescales of
days, but no correlation between optical and Fermi-LAT data.
Although our stationary model does not permit us to study
variability, the scenarios that ascribe the Fermi-LAT flux to
proton-synchrotron emission and the VHE flux mostly to muon-
synchrotron emission might explain a difference in the variabil-
ity patterns between these two domains, if confirmed. Muon-
synchrotron emission is a consequence of proton-photon inter-
actions and thus subject to correlated variations with the target
photon field, meaning the electron-synchrotron emission respon-
sible for the optical and X-ray spectrum in our interpretation, al-
though time-lags between the high- and low-energy components
would need to be evaluated for a given set of source parameters.
According to Aleksic´ et al. (2015), Mrk 421 shows a positive
correlation between the VHE and X-ray fluxes with zero time
lag during the 2009 MWL campaign. The authors claim that
as a consequence, the direct high-energy correlation supports
leptonic models over hadronic ones. In general, correlated be-
haviour between the different energy bands in the lepto-hadronic
model can be accounted for in a co-acceleration or co-injection
scenario and via the proton-photon interactions. However, the
detailed behaviour can be complex and needs to be studied with
time-dependent models (e.g. Mastichiadis et al. 2013; Diltz et al.
2015).
The authors also report an anticorrelation between the opti-
cal and UV band on the one hand, and the X-ray band on the
other, whereas they report that there does not seem to be a cor-
relation with the radio band. If the emission in the optical and
UV band and the X-ray emission come from different emission
regions and the anticorrelation is a coincidence, we would have
less constraints on our model on the n1 parameter, but might re-
quire higher γe;min values because the optical and UV data would
still present upper limits.
7.3. Non-uniqueness of the “cascade bump” signature
An obvious limitation of the present study is the fact that the
hadronic models were only compared to the most standard
one-zone SSC models. More complex scenarios might well
produce comparable spectral hardening in the VHE spectra, but
the higher degree of complexity that is generally accompanied
by a larger number of free parameters would need to be well
justified against the basic hadronic scenario proposed here. A
potentially similar spectral feature might arise in the scenarios
discussed in the following paragraphs.
Emission from second-order SSC, meaning a second upscat-
tering of a fraction of high-energy photons on the relativistic
electrons in a standard SSC model, could in principle lead to
an additional spectral component at high energies. In the case of
HBLs however, this component is in general completely negligi-
ble compared to first-order SSC. Inverse-Compton upscattering
of the bulk of the first-order SSC photons on the electron pop-
ulation around the break energy would take place deeply within
the Klein-Nishina regime.
A different effect that can lead to spectral hardening in the
radiative emission from electrons is described by Moderski et al.
(2005). In sources with strong external photon fields, where elec-
tron cooling is dominated by the Inverse Compton process, a
hardening or pile-up in the steady-state electron spectrum can
form for energies where cooling becomes ineffecient due to
Klein-Nishina effects. This would result in an upturn or ”bump”
in the synchrotron spectrum. However, the effect is expected to
be negligible for the high-energy Inverse Compton spectrum,
where the hardening of the steady-state electrons is in compe-
tition with a softening of the emission due to the same Klein-
Nishina effects. We would thus not expect an appreciable fea-
ture from this effect, particularly for HBLs, for which external
photon fields can usually be neglected and synchrotron cooling
dominates over Inverse Compton cooling for the electron popu-
lation.
Multi-zone SSC models could in principle generate spectral
hardening at TeV energies. One could image emission from a
first zone dominating the SED over almost the entire observable
energy range, whereas SSC emission from a second, more com-
pact zone would only only appear at VHE energies. Although
the Klein-Nishina effect would limit the high-energy reach of a
second SSC component, this kind of a scenario could still be
possible and might be difficult to distinguish from the hadronic
“cascade bump”. Information on spectrally resolved variability
might be needed to rule against or in favour of each scenario.
An additional spectral component in leptonic models might
also arise from external Compton emission caused by the up-
scattering of photons from external fields, such as broad line re-
gion, disk emission, dust torus, stellar radiation field...etc. For
HBLs, this kind of a component is not expected to contribute
significantly to the SED due to the weakness or absence of the
non-detectable external photon fields. If such a component was
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present, potential VHE features would also be limited by the
Klein-Nishina effect.
Spectral hardening in the VHE band might arise for scenar-
ios in which γ-rays in a certain energy range are absorbed on
external photon fields in the source, for example from the broad
line region (Senturk et al. 2013; Poutanen & Stern 2010), accre-
tion disk, or torus (Donea & Protheroe 2003), and where the flux
recovers at higher energies. However, these kinds of absorption
features would be expected to occur instead in the Fermi-LAT
band with a flux recovery in the low VHE band. Besides, as dis-
cussed above, although external photon fields are very likely to
play an important role for flat-spectrum radio quasars, they are
usually considered negligible for HBLs (see also the discussion
by H.E.S.S. Collaboration et al. 2013).
Spectral hardening in the VHE range is also predicted by sce-
narios in which ultra-energetic photons or protons escape from
the source and trigger particle cascades by interactions with the
EBL and cosmic microwave background (CMB) (e.g. Aharonian
et al. 2002; Essey et al. 2011; Murase et al. 2012; Aharonian
et al. 2013; Taylor et al. 2011). However, this kind of a compo-
nent would be expected for sources with relatively high redshifts.
It would also not exhibit the same spectral shape and temporal
behaviour.
7.4. Prospects for current and future Imaging Air Cherenkov
telescope arrays
The HBL PKS 2155-304 is frequently observed with the
H.E.S.S. IACT array. According to Chevalier et al. (2015), about
260 hr of data were taken between 2004 and 2012, excluding the
very luminous flares seen in 2006. Even so, the long-term light
curve shows flux variations by a factor of a few. When assum-
ing, very roughly, a ten times better sensitivity for CTA with
respect to H.E.S.S., the currently available VHE dataset on this
source would correspond to maybe 40 hr of an equivalent CTA
exposure. This would include different flux states and does not
account for the increasing gap between the current IACT sen-
sitivities and the expected CTA performance at energies above
a few TeV, where the additional performance of the small-size
telescopes in the southern array becomes important (Bernlöhr
et al. 2013). It would in any case be interesting to study the com-
plete set of available data to probe the most prominent “cascade
bump” features. A similarly rich dataset might also be available
on Mrk 421 from observations with the MAGIC and VERITAS
IACTs. For this blazar, 840 hr of TeV data had been collected
with the Whipple IACT (Acciari et al. 2014), albeit with a lower
sensitivity than current arrays.
The two sources we have studied here are foreseen to be
observed frequently with CTA. Given their brightness in the
VHE range, they will be used as calibration sources and they
are also prominently included in the proposed AGN Key Science
Project (CTA Consortium 2017). Their long-term light curve will
be studied with regular observations over an important fraction
of the lifetime of CTA. Deep exposures over shorter time ranges
are also foreseen, to help derive high-quality spectra in a single
state. Even if observation times of up to 100 hr will be difficult
to achieve over a short time range, observations from a few sea-
sons could be summed, as long as the sources show sufficiently
similar flux states.
In general, nearby bright HBLs are expected to be the
best candidates to search for the “cascade bump” signature.
According to the TeVCAT catalogue (see footnote on page 2)
there are currently twenty-two known VHE emitting HBLs with
z < 0.15 that could be considered for such a search, but only the
sources with high fluxes during low states are promising targets.
Apart from PKS 2155-304 and Mrk 421, about twelve known
HBLs seem promising targets when excluding UHBLs and
sources with very faint fluxes, meaning below 2% of the Crab
flux above 200 GeV, in low or average states: Mrk 501, PKS
2005-489, RGB J0152+017, 1ES 1959+650, 1ES 2344+514,
1ES 1727+502, IC 310, 1ES 0806+524, 1ES 1215+303,
B3 2247+381, 1ES 1741+196, and PKS 1440-389 although it
has an uncertain redshift.
Additional target candidates could be searched amongst the
eight VHE HBLs currently known without redshifts and amongst
a handful of nearby intermedium-frequency peaked BL Lac ob-
jects (IBL). However, in the latter, external photon fields might
no longer be negligible, which would further complicate the
search for hadronic signatures.
In the case of a non-detection of the suggested spectral hard-
ening with CTA after an accumulated observation time of about
100 hr, hadronic interpretations of the SEDs of the sources in
question would become strongly constrained. The most feasi-
ble models, when considering the required source extension and
energetics, would be rejected. This would at least permit us
to strongly reduce the available parameter space for one-zone
hadronic solutions. Combined with future observational con-
straints on the variability timescale during the low state, one-
zone hadronic solutions might be ruled out entirely. How such
an assessment would be modified when loosening the constraints
on co-acceleration and γp,max will need to be investigated further.
7.5. Ultra-high-energy cosmic rays and high-energy
neutrinos
The maximum energy of the proton population is constrained
by a comparison of the assumed acceleration timescale and the
shortest cooling timescale, as explained in Sect. 2. For Mrk 421,
we find maximum proton Lorentz factors up to γp,max ∼ 1 × 109
for the models presented here that correspond to an energy of
about 1018 eV. Proton-synchrotron solutions for PKS 2155-304
with large extensions of the emission region around 1017 cm have
γp,max values up to about 1010, meaning proton energies up to
about 1019 eV. When accounting for Doppler boosting of the par-
ticle energies, certain solutions permit us thus to reach maximum
proton energies close to what is required to account for the most
energetic UHECRs, based on our simplistic description of the ac-
celeration and loss timescales. In addition, a rapidly decreasing
fraction of protons with Lorentz factors above γp,max is expected
from the exponential tail of the particle distribution. The most
energetic UHECRs might however be nuclei (e.g. Abbasi et al.
2015), which we do not consider in our code, instead of protons.
The use of the Monte Carlo code SOPHIA allows us to di-
rectly extract the neutrino spectra for a given model, which only
needs to be transformed to the observer frame on Earth. As de-
tailed in Cerruti et al. (2015), we carefully account for the ra-
diative cooling of muons before extracting the neutrino spectra
resulting from muon decay. The expected neutrino flux is di-
rectly related to the importance of proton-photon interactions
inside the source, when ignoring potential neutrino production
through neutron decay and UHECR interactions outside of the
source. Scanning the parameter space for a given source instead
of proposing only a single solution makes it possible to estimate
a range of possible neutrino spectra for the source within our
lepto-hadronic framework.
Figures 19 and 20 show two solutions each for the two HBLs
under study, for models with different magnetic field strengths.
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Although the relatively small parameter space of hadronic so-
lutions for Mrk 421 is reflected in a small difference between
the expected neutrino spectra for this source, the spread is much
more significant in the case of PKS 2155-304. For the latter, so-
lutions close to the pure proton-synchrotron scenario lead to a
low flux with a high energy peak, whereas solutions with a sig-
nificant contribution from muon-synchrotron and cascade emis-
sion result in higher neutrino fluxes with lower peak energies.
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Fig. 19. Expected neutrino spectra on Earth (all flavours combined)
for two hadronic models for PKS 2155-304. ‘Model 1’ has a small
log B[G] = 0.3, whereas ‘Model 2’ has a much larger log B[G] = 1.9.
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Fig. 20. Expected neutrino spectra on Earth (all flavours combined) for
two hadronic models for Mrk 421. ‘Model 1’ has a log B[G] = 1.5,
whereas ‘Model 2’ has a log B[G] = 2.1.
Contrary to the lepto-hadronic models discussed
by Petropoulou et al. (2015), which have a small γp,max,
large jet power, and are dominated by proton-photon interac-
tions, the models selected following our criteria lead to neutrino
spectra that peak at higher energies. For the sources studied
here, the expected neutrino emission seems out of reach for the
IceCube telescope (cf. Aartsen et al. 2014) when considering
low γ-ray flux states. Flaring activity, if related to hadronic
processes, can significantly increase the neutrino production,
as discussed by Petropoulou et al. (2016). Next-generation
instruments with a higher energy reach, like ARA (ARA Collab-
oration et al. 2015) or GRAND (Martineau-Huynh et al. 2016),
might have a better chance of reaching the required high-energy
sensitivity for a detection in this scenario. A more in-depth
study of this topic will be treated in a dedicated publication.
8. Conclusions
We explore the parameter space of the one-zone hadronic blazar
emission model for two bright VHE HBLs, PKS 2155-304 and
Mrk 421, during low emission states. Satisfactory realisations
of the model, where the high-energy emission is interpreted
as a combination of proton-synchrotron, muon-synchrotron and
proton-photon induced cascade emission, can be found for a
range of parameters. The muon-synchrotron and cascade emis-
sion become more prominent as the density of the emission re-
gion is increased while its size is reduced. The TeV spectrum
can be dominated by proton-synchrotron or muon-synchrotron
emission, depending on the chosen solution.
The mixed lepto-hadronic models found for UHBLs (C15)
for magnetic fields of strengths intermediate between those for
typical proton-synchrotron and SSC models do no provide sat-
isfactory solutions for the HBLs under study, given our choice
of simplifying assumptions about the particle populations and
on the acceptable jet power. Muon-synchrotron emission, on the
other hand, cannot dominate the TeV spectrum for UHBLs. Thus
HBLs and UHBLs seem to populate distinct parameter spaces of
the lepto-hadronic one-zone model.
All the hadronic models found for the two sources under
study show a hardening in the multi-TeV spectrum at some level,
due to the emission from synchrotron-pair cascades that are in-
duced by proton-photon interactions. This adds to the dominant
proton- or muon-synchrotron emission at these energies. Using a
simple logparabolic fit to distinguish between the expected spec-
tral shapes from pure SSC and from hadronic emission, we show
that this characteristic “cascade bump” should be detectable for
most models with CTA within 50 hr, or in a few cases within
100 hr, of observation time. This is especially the case for those
models that present preferred solutions due to low jet powers
and plausible extensions of the emission region. The faint spec-
tral feature is only expected to be detectable in nearby HBLs, of
redshifts smaller than approximately 0.15 and with flux levels at
least a few tenths of those of the sources under study. We identify
of the order of ten known TeV blazars that might be considered
for future searches for such a signature. Although the “cascade
bump” permits the distinction between a standard one-zone SSC
model and a simple one-zone hadronic model, confusion with
signatures from more complex SSC scenarios has not been stud-
ied here and cannot be excluded a priori.
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Appendix A: Examples of relevant timescales for
models for PKS2155-304
The following figures show the relevant acceleration and cool-
ing timescales for the different particle populations considered in
the code as a function of the Lorentz factor of the particles. The
vertical dashed line labelled “p gyroradius” indicates the proton
Lorentz factor γp,max that corresponds to a gyro-radius of the size
of the radius of the emission region. The results shown here cor-
respond to the exemplary models for PKS 2155-304 shown in
Fig. 6.
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Fig. A.1. Relevant timescales for PKS 2155-304 for the model shown in
Fig. 6 in the left panel.
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Fig. A.2. Relevant timescales for PKS 2155-304 for the model shown in
Fig. 6 in the right panel.
Appendix B: Examples of relevant timescales for
models for Mrk 421
The following figures show the relevant acceleration and cooling
timescales for the different particle populations considered in
the code as a function of the Lorentz factor of the particles.
The vertical dashed line labelled “p gyroradius” indicates the
proton Lorentz factor γp,max that corresponds to a gyro-radius of
the size of the radius of the emission region. The results shown
here correspond to the exemplary models for Mrk 421 shown in
Fig. 9.
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Fig. B.1. Relevant timescales for Mrk 421 for the model shown in Fig. 9
in the left panel. For a description of the different lines, see Sect. A
above.
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Fig. B.2. Relevant timescales for Mrk 421 for the model shown in Fig. 9
in the right panel. For a description of the different lines, see Sect. A
above.
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Appendix C: Examples of models for PKS2155-304
The following figures show all the hadronic models for
PKS 2155-304 for an intermediate index of the proton spectrum
n1 = 2.0 that passed our selection. The models for n1 = 1.9
and n1 = 2.1 are not included here for sake of brevity. Figure 2
contains the interpretation of the different curves.
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Fig. C.1. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 0.3 and an emission region of size logR[cm] = 16.9.
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Fig. C.2. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 0.5 and an emission region of size logR[cm] = 16.5.
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Fig. C.3. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 0.7 and an emission region of size logR[cm] = 16.2.
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Fig. C.4. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 0.9 and an emission region of size logR[cm] = 15.9.
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Fig. C.5. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 1.1 and an emission region of size logR[cm] = 15.5.
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Fig. C.6. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 1.3 and an emission region of size logR[cm] = 15.3.
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Fig. C.7. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 1.5 and an emission region of size logR[cm] = 15.0.
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Fig. C.8. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 1.7 and an emission region of size logR[cm] = 14.7.
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Fig. C.9. SED for PKS 2155-304 with a hadronic model with a magnetic
field of log B[G] = 2.1 and an emission region of size logR[cm] = 14.2.
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Appendix D: Selected models for Mrk 421
The following figures show all the hadronic models for Mrk 421
for an intermediate index of the proton spectrum n1 = 1.8 that
passed our selection. The models for n1 = 1.7 and n1 = 1.9
are not included here for sake of brevity. Figure 2 contains the
interpretation of the different curves.
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Fig. D.1. SED for Mrk 421 with a hadronic model with a magnetic field
of log B[G] = 1.5 and an emission region of size logR[cm] = 14.7.
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Fig. D.2. SED for Mrk 421 with a hadronic model with a magnetic field
of log B[G] = 1.7 and an emission region of size logR[cm] = 14.5.
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Fig. D.3. SED for Mrk 421 with a hadronic model with a magnetic field
of log B[G] = 1.9 and an emission region of size logR[cm] = 14.2.
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Fig. D.4. SED for Mrk 421 with a hadronic model with a magnetic field
of log B[G] = 2.1 and an emission region of size logR[cm] = 14.1.
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